syndrome which is associated with cervical segmentation abnormalities is illustrated as an example in which animal models, such as the zebrafish, can be utilized to provide functional evidence of pathogenicity of identified mutations.
vertebrae) butterfly or wedge shaped vertebrae, or defects of segmentation such as a vertebral bar (an abnormality of vertebral separation during development). Vertebral malformations may represent an isolated finding, occur in association with other renal, cardiac or spinal cord malformations, or occur as part of an underlying syndrome or chromosomal abnormality. Frequently encountered syndromes associated with CVM include Klippel-Feil syndrome (short neck, low posterior hairline and fusion of cervical vertebrae), Alagille syndrome (peripheral pulmonic stenosis, cholestasis and facial dysmorphism), spondylocostal dysostosis (short trunk dwarfism, multiple vertebral and rib defects), spondylothoracic dystrophy (short trunk dwarfism, multiple vertebral and rib defects with posterior rib fusion), Goldenhar syndrome (associated with craniofacial anomalies including microtia and epibulbar dermoids), and VACTERL association (Vertebral malformations, Anal atresia, Cardiac malformations, Tracheo-Esophageal fistula, Renal and radial anomalies and Limb defects). A list of representative syndromes is indicated in table 1 . A classification scheme for vertebral malformations was recently proposed by members of the International Consortium for Vertebral Anomalies and Scoliosis [Offiah et al., 2010] . Additional studies are needed to determine whether molecular genetic mechanisms can be associated with various CVM phenotypes.
Vertebral bodies are derived from somites through a repetitive process of budding off from the presomitic mesoderm mediated by a cyclical process involving the Wnt, FGF and Notch signaling pathways. A 'clock and wavefront' model for somitogenesis was originally proposed to account for somitogenesis [Cooke and Zeeman, 1976] . The 'clock' represents an oscillator connecting presomitic mesodermal cells, and the 'wave' represents a region of 'rapid cellular change' resulting in transition to somite development occurs, mediated by some type of gradient. The process of somitogenesis is illustrated in figure 2 . Disruption of this process as further described below can result in CVM occurrence.
Natural History and Alteration by Surgical Management
The risk of developing scoliosis and its subsequent severity is a function of several factors including the type, number and location of CVM [McMaster and Ohtsuka, 1982] . Defects of formation including block, wedge and simple hemivertebrae (incarcerated, unsegmented) have a low risk for curve progression. Semi-/fully segmented multi hemivertebrae have a greater likelihood of progression. Mixed defects such as a unilateral unsegmented bar and contralateral hemivertebrae tend to be localized to the thoracic region and have a more aggressive course with respect to curve progression. Little prognostic information is available for complex mixed pattern types of anomalies, which is mainly due to the scarcity of published systematic analyses of follow-up data. The presence of rib abnormalities in addition to vertebral abnormalities compromises development and growth of the lungs. Patients with congenital scoliosis were originally surgically treated by fusion procedures which resulted in a short trunk with minimal spinal curvature. Scoliosis related thoracic insufficiency syndrome or 'the inability of the thorax to support normal respiration or lung growth' has been a consequence of surgical fusion procedures to treat congenital scoliosis [Campbell et al., 2003] . In one retrospective study of 21 patients with congenital scoliosis who underwent spinal fusion prior to the age of 10 years, forced vital capacity (FVC), forced expiratory volume (FEV 1 ), vital capacity, and total lung capacity were significantly lower as compared to healthy children [Vitale et al., 2008] . One study investigated pulmonary function in a cohort of 28 patients with scoliosis who had surgical fusion procedures prior to the age of 9 years [Karol et al., 2008] . This group had an average predicted FVC of 48.2% (range 27-86%) with 10 patients having severe restrictive lung disease as evidenced by a FVC of ! 50%. Eight patients between the ages of 12.4-22.8 years with thoracic heights between 18 and 22 cm had an average predicted FVC of 63% (86%), with 10 patients having severe restrictive lung disease as evidenced by a FVC of ! 50% (range 42-99%) including 2 with a FVC of ! 50%. Four patients ranging in age between 13.6 and 19.1 years, with thoracic heights measuring between 22 and 28 cm had an average FVC of 85.2% (range 80-91%), with none having a FVC of ! 50%. These results indicated that a shorter thoracic spine is associated with a lower FVC and a greater risk for pulmonary restrictive disease. While some surgeons use a thoracic spine measurement of 22 cm or greater as a cut-off for performing scoliosis surgery, there are no studies which demonstrate the clinical importance of this in the unfused congenital scoliotic spine.
Alternatives to fusion procedures include 'growing rods' or 'vertical expandable prosthetic titanium rib' which allow the spine and thorax to grow. Disadvantages to 'growing rod' treatment include the need for multiple surgeries to allow for periodic lengthening of the growing spine, imposing an economic and a psychological burden on families [Akbarnia and Emans, 2010] . Complications include rod fracture, skin breakage, wound complication, malalignment, and brachial plexus problems with an observed complication rate of 19% per regulation of the cycling genes followed by a phase of downregulation of these genes each time a somite forms. Bottom: As shown in this schematic representation of the progression of somitogenesis in the embryo, the cycles of expression of the cyclic genes will last while the cells remain in the PSM, which corresponds approximately to the time to form 12 somites in the chick embryo. These PSM cells undergo 12 oscillations of the expression of the cycling genes. Reproduced with permission from Giampietro et al., 2008. procedure [Bess et al., 2010] . Optimizing preoperative nutrition, careful choice of the optimal surgical technique and careful soft tissue handling technique can help to minimize these complications. Thus far, it appears that the final results of treatment are a function of the underlying diagnosis, condition of the spine and chest wall, and the instrumentation used. Prospective studies are needed to obtain prognoses regarding the spine at the end of treatment.
Parental Risk Factors Associated with CVM
Occurrence of CVM in animal models and humans has been associated with various maternal exposures during pregnancy, including alcohol use [Treadwell et al., 1982] , anticonvulsant medications including valproic acid [Vorhees, 1987; Menegola et al., 1996; Holmes et al., 2001] , hyperthermia [Breen et al., 1999] , maternal insulin-dependent diabetes mellitus, and gestational diabetes [Passarge and Lenz, 1966; Aberg et al., 2001; Martínez-Frías et al., 1998 ]. Exposure to phenytoin during pregnancy has been associated with CVM in mice [Loughnan et al., 1973] . Single nucleotide polymorphisms (SNPs) in GLUT1 and other glucose metabolizing genes such as HK1 and LEPR are hypothesized to be associated with patterns of malformations observed in diabetic embryopathy. Reactive oxygen species has been proposed as a mechanism for altered somitogenesis in infants of diabetic mothers [Alexander and Tuan, 2010] . CVM have been observed in laboratory animals exposed to I (Kr)-blockers (class III anti-arrhythmic agent), fumonisins (environmental toxins produced Fusarium moniliforme, F. verticilliodes, F. proliferatum , and other Fusarium species of molds), zinc deficient diet, as well as the organophosphate pesticide chlopyrifos, during pregnancy [Hickory et al., 1979; Skold et al., 2001; Tian et al., 2005] . Exposure of juvenile fourhorn sculpin, Myoxocephalus quadricornis L. to tetrachloro-1,2-benzoquinone, a component in bleached kraft mill effluents, resulted in fish with vertebral deformities and abnormal mechanical vertebral properties [Bengtsson et al., 1988] .
Alterations in HOX-mediated gene expression, which is important for vertebral positional specificity, are mediated by exposure to carbon monoxide [Farley et al., 2001] and boric acid [Wery et al., 2003] . Retinoic acid, a vitamin A analogue, has been observed to cause homeotic transformations in mice and axial skeletal truncation [Owen et al., 2009] . Inhibition of nitric oxide production or addition of nitric oxide to developing chick embryos results in increased axial skeletal defects and areas correlated with apoptosis [Alexander et al., 2007] . Cigarette smoking during pregnancy has been reported to be associated with low birth weight, decreases in successive births and behavioral deficits that can be replicated by carbon monoxide alone in animal models [Fichtner et al., 1990; Bnait and Seller, 1995] . Anoxic damage to somites and the generation of reactive oxygen species by cigarette smoke could potentially contribute to the development of CVM.
Congenital scoliosis has been reported to occur in monozygotic twins [Kaspiris et al., 2008] . Monozygotic and dizygotic twinning is associated with an increased risk for congenital malformations [Corsello and Piro, 2010] . Assisted reproductive technology (ART) is linked with occurrence of congenital malformations and syndromes including Prader-Willi, Angelman and Beckwith-Wiedemann syndromes [Niemitz and Feinberg, 2004] . Epigenetic factors including methyl donor content of the growth media have been suggested as a possible mechanism of their occurrence in ART pregnancies, which is consistent with observations that nutritional factors have been implicated for their occurrence in non-ART pregnancies. The relatively sporadic nature of CVM, similar to other birth defects, makes epigenetic factors another plausible mechanism for investigation. Little information exists regarding the relative contribution of environmental factors to the development of CVM and congenital scoliosis.
Nonteratogentic doses of heat ( ! 2 ° C) result in the recruitment of heat shock proteins which provide protection for proteins against damage by teratogenic doses of heat ( 1 2 ° C). This is accomplished through the attachment to uncovered active sites, thus preventing their binding with other functionally impaired aggregate proteins [Bennett, 2010] . The exact mechanism responsible for altered somitogenesis associated with heat is uncertain. Hyperthermia inhibits the cell cycle and induces apoptosis. Hyperthermia may alter Notch/Delta signaling pathway proteins and result in abnormal vertebral patterning.
There are no reported studies which describe the relative contribution of maternal exposures during pregnancy to CVM development. In a series of 206, 244 live births, still births and elective terminations, a total of 5 cases of isolated hemivertebrae and 22 cases of hemivertebrae with other birth defects were identified [Holmes, 2012] . The most common maternal exposure associated with CVM was maternal diabetes (5 cases) followed by twinning (2 cases). An odds ratio of 12.8 (95% CI, 4.4-36.6; p ! 0.001) for maternal risk factors including maternal insulin-dependent diabetes mellitus, valproic acid, alcohol, smoking, hyperthermia, twin gestation, ART, and in vitro fertilization during pregnancy was obtained on a pilot retrospective chart review by our multicenter group consisting of 228 cases with CVM between the ages of 0 and 50 years and 268 controls with normal spine morphology and minimal scoliosis (unpublished data). These results support a hypothesis for an association between the above maternal exposure factors during pregnancy and CVM and have implications for development of prevention strategies. Further prospective studies are needed to quantify association between CVM and specific maternal exposure factors.
Classification of CVM
A simplified and unified classification scheme for CVM is essential for clinicians and researchers to describe individual and collective CVM from both a phenotypic and genetic etiologic vantage point. A number of classification schemes for CVM have been proposed which have individually emphasized different components associated with CVM occurrence including mode of inheritance [Mortier et al., 1996] , developmental mechanism associated with CVM [Aburakawa et al., 1996; Takikawa et al., 2006] and syndromic diagnosis of CVM (i.e. spondylocostal dysostosis, Klippel-Feil, etc.) [Klippel and Feil, 1912; Thomsen et al., 1997; Takikawa, et al., 2006] . A pilot classification system for CVM has recently been proposed by the International Consortium for Vertebral Anomalies and Scoliosis and is outlined algorithmically in figure 3 [Offiah et al., 2010] . A vertebral segmentation defect (VSD) may be defined as single (SVSD) or multiple (MVSD). A SVSD can be associated with a known syndrome such as hemifacial microsomia or VACTERL association. MVSD can be generalized in which 10 or greater contiguous vertebral bodies are involved, representing a defined phenotype such as spondylocostal dysostosis or spondylothoracic dysostosis, or an undefined phenotype. Alternatively, MSVD may have a regional distribution and be associated with a defined or undefined phenotype. The International Consortium for Vertebral Anomalies and Scoliosis has recommended that indiscriminate terminology such as 'Jarcho Levin syndrome' not be used, since prior usage of this term has been associated with a wide range of inconsistent skeletal features. The proposed classification system was found to have a high degree of inter-observer reliability and provides a means for future cohort genetic analysis of similar CVM phenotypes.
Monogenic CVM
Two monogenic forms of CVM associated with mutations in Notch signaling genes have been identified. Spondylocostal dysostosis is an autosomal recessive disorder, with rare autosomal dominant inheritance, associated with contiguous vertebral segmentation defects in addition to rib abnormalities ( fig. 4 ) . Affected individuals have short stature, with a shortened trunk and protuberant abdomen. Scoliosis and mild respiratory compromise are associated features. Using synteny conversion analysis, mutations in DLL3 , a Notch pathway signaling gene, were identified in Arab-Israeli and Pakistani kindreds [Bulman et al., 2000] . Mutations in other Notch signaling pathway genes have subsequently been identified, including MESP2 [Whittock, et al., 2004] , LFNG [Sparrow et al., 2006] and HES7 [Sparrow et al., 2010] . DLL3 mutations are usually associated with morphologically abnormal vertebral bodies characterized by a smooth, round contour or 'pebble beach' sign [Turnpenny et al., 2003] . One affected individual with a compound heterozygous mutation in HES7 (158D/V186Y) was noted to have hypoplasia of the left vertebral artery. Spondylothoracic dysostosis (STD) is an autosomal recessive disorder of vertebral segmentation characterized by short stature with increased thoracic anterior posterior diameter and a characteristic radiographic appearance consisting of posterior rib fusion, also referred to as a 'crab like thorax ' ( fig. 5 ) [Moseley and Bonforte, 1969] . Because of the short thoracic cage, there is some degree of respiratory compromise. STD has a prevalence in the Puerto Rican population of 1/12,000. STD is caused by mutations in the MESP2 gene, with a suggestion of a founder effect E103X (p.Glu103X) among Puerto Ricans [Cornier et al., 2008] . The degree of respiratory compromise is more severe in STD, with approximately 25% of affected children surviving into adolescence and adulthood. Diminished lung volume and chest wall stiffness are contributing factors which lead to the development of thoracic insufficiency syndrome in STD.
Genetic Approaches to Study CVM
Because CVM and associated syndromes usually represent sporadic occurrences, even within a particular family identification of causal genetic factors is challenging. A panel of genes associated with vertebral patterning defects including PAX1, DLL3, SLC35A3, WNT3A, TBX6 , and T (Brachyury) were sequenced by our group in 50 patients with heterogeneous types of CVMs [Ghebranious et al., , 2007 [Ghebranious et al., , 2008 Giampietro et al., 2005 Giampietro et al., , 2006 . A mutation (c.1013C 1 T) resulting in an alanine to valine change was found at amino acid position 338 in the T (Brachyury) gene in 3 affected patients in this cohort that was not present among 886 chromosomes in the CEPH diversity panel [Ghebranious et al., 2008] . Collective maternal pregnancy exposure histories impacting 2 of the patients included diabetes, valproic acid and clomiphene. The third affected individual had no history of deleterious maternal exposures during pregnancy. The phenotypes of these patients were all distinct and included cervical and thoracic CVM and sacral agenesis. This mutation had previously been described in another individual with sacral agenesis with no history of maternal diabetes during pregnancy [Papapetrou et al., 1999] . Although no mutations in TBX6 were identified in the previously de- scribed patient series, polymorphisms of the somite patterning gene TBX6 , specifically, rs2289292 (located at exon 8 and the only tagging SNP) and rs380962 (located at the 5 UTR and a functional SNP) may have an important role in the pathogenesis of congenital scoliosis in the Chinese Han population [Fei et al., 2010] . Both SNPs exhibited strong linkage disequilibrium.
CVM is a complex condition mediated by genetic, epigenetic and environmental influences. Gestational hypoxia in Hes7 +/-and Mesp2 +/-mice results in an increase in the number and severity of CVM in mice. This effect is mediated by abnormal FGF signaling resulting in altered somitogenesis, providing evidence that an environmental trigger such as hypoxia can potentiate CVM occurrence in a genetically susceptible background [Sparrow et al., 2012] . The observation that increased DNA methylation can alter the phenotypic expression of tail kinks in the axin fused mouse (Axin Fu ) supports an epigenetic contribution to CVM occurrence [Waterland et al., 2006] .
Whole exome sequence (WES), and whole genome sequence (WGS) platforms represent suitable methodologies for the identification of candidate gene sequence variants and copy number variants (CNV). WES analyzes approximately 1% of the entire genome and highlights identification of sequence variation in the coding and splice site regions in annotated genes identifying approximately 20,000 sequence variants. WGS is capable of uncovering all genetic and genomic variations including single nucleotide variants (SNV) and CNV, identifying approximately 3.5 million sequence variants [GonzagaJauregui et al., 2012] . A variety of filtering algorithms including elimination from primary consideration of sequence variants present in databases such as dbSNP and 1,000 Genomes Project database are implemented. Among coding variants, decreasing priority is given to nonsense, frameshift, splice-site, and missense mutations. Predictive inheritance modeling (dominant, recessive) and computer prediction in conjunction with disease specific information help to enable further refinement. For instance, evidence for localization of vertebral patterning genes identified in mice, Xenopus and chickens, and in synteny blocks supports a hypothesis for conservation of vertebral patterning genes among amniotes [Giampietro et al., 2012] . SNV identified in patterning genes previously identified in model organisms should be sought initially, although the advantage of WES and WGS is the ability to identify novel genes and pathways associated with disease. Following identification of a narrowed and focused list of candidate genes, functional confirmation is necessary. WES is applicable for the identification of SNV in highly penetrant mendelian disease phenotypes, whereas WGS has applications for both mendelian and complex phenotype identification in addition to sporadic phenotypes which are the result of de novo CNVs or SNVs.
Oculo-Auriculo-Vertebral Spectrum (Hemifacial Microsomia)
Salient features of oculo-auriculo-vertebral spectrum (OAVS) include unilateral microtia, craniofacial asymmetry, mandibular hypoplasia, ocular epibulbar dermoid, and CVM [Cohen et al., 1989] . Additional features include congenital heart defects, cleft lip with or without cleft palate and congenital renal malformations. OAVS overlaps with other syndromes including Treacher Collins syndrome (associated with microtia, lower eyelid colobomas and mandibular hypoplasia), Fanconi Anemia (radial ray abnormalities, short stature, elevated diepoxy butane induced chromosome breakage) and VACTERL association. Presently there is no unifying etiology for OAVS, although with evidence supporting vascular disruption [Cousley et al., 2002] , maternal diabetes [Wang et al., 2002] in addition to other teratogenetic agents including retinoic acid [Lammer et al., 1985] and thalidomide [Smithells, 1963] . Twelve of 86 (14%) patients with hemifacial microsomia studied using high density olignonucleotide microarray CGH technology were identified as having a CNV including 4 patients with deletions and/or 8 patients with duplications ranging between 2.3-2.8 Mb in size [Rooryck et al., 2010] . Of the 3 patients with CVM who had CNV, one patient had a duplication involving 20p12.2. The ANKRD5 gene was present within this region and is not known to have any known function in somite formation; a second patient had a coincident isodicentric Y chromosome, and the third had a paternally inherited 9q34.11 duplication. None of the genes involved in the 9q34.11 have any known function with respect to vertebral body development. The absence of a unifying CNV abnormality supports a hypothesis for genetic heterogeneity of OAVS.
Klippel-Feil Syndrome
The majority of cases of Klippel-Feil syndrome (short neck, low posterior hairline and fusion of cervical vertebrae) represent sporadic occurrences within a family.
However, Klippel-Feil syndrome may represent a familial occurrence in which multiple family members are affected. Autosomal dominant, autosomal recessive and Xlinked forms of Klippel-Feil syndrome have been reported. A summary of the different classification schemes is indicated in table 2 . The Wildervanck syndrome refers to a constellation of features including Klippel-Feil syndrome, congenital hearing loss and Duane retraction syndrome (limitation of abduction with narrowing of the palpebral fissure and retraction of the globe) [Wildervank, 1978] .
Mirror movements, or the involuntary movement of the one extremity mimicking the opposite extremity, with a central mirror serving as a reference point, reflecting the image of the voluntary extremity to the opposite side, is a phenomenon which has been found to be associated with Klippel-Feil syndrome [Gunderson and Solitare, 1968; Gardner, 1979; Rasmussen, 1993; Royal et al., 2002] . One neuroanatomic basis for mirror movements is hypothesized to be related to variations in the normal pathways of descending corticospinal tracts including the crossed lateral corticospinal tract, uncrossed anterior corticospinal tract and anterolateral corticospinal tract. An association has been demonstrated between cervicomedullary neuroschisis and mirror movements in cases of Klippel-Feil syndrome [Royal et al., 2002] . Other hypotheses include delayed resolution following a CNS insult or loss of normal control pathways. Neuroschisis could alter the path of descending corticospinal fibers, the majority of which cross at the cervicomedullary junction. This would require recruitment of unbranched pathways with induc- tion of dual branching at more inferior sites. To test the hypothesis that mutations in genes associated with axon migration may contribute to the occurrence of mirror movements, a series of genes associated with aberrant ocular motor and corticospinal axon path development were sequenced in a patient with Wildervanck syndrome, mirror movements and neuroschisis, including ROBO3 , CHN1 , HOXA1 , DCC and GDF6 [Hogen et al., 2012] . No coding mutations were identified in any of these genes suggesting that mutations in regulatory factors or other genes may contribute to this patient's clinical features. A mutation at a highly conserved region in the BMP ligand GDF6 gene c.866T 1 C was identified in both sporadic and familial forms of Klippel-Feil syndrome [Tassabehji et al., 2008] . The variable expressivity observed in affected family members and incomplete penetrance observed in GDF6 knockout mice suggest GDF6 thresholds for spine development are subject to modification by environmental factors and may vary between individuals and within different spinal regions. An autosomal dominant mutation (R266C) in GDF3 has been identified in one family with ocular defects including retinal and iris coloboma and CVM [Ye et al., 2010] . Zebrafish morpholinos demonstrated retinal colobomas and trunk shortening with vertebral malformations.
Adults with Klippel-Feil syndrome are prone to degenerative changes in intervertebral discs, which can be visualized as a low-intensity signal on T2 weighted MRI images [Guille et al., 1995] . Additionally, findings include disc protrusion, osteophytes, syringomyelia, and narrowing at the level of the craniovertebral junction. Symptoms may include pain, weakness, numbness, and increased reflexes. MRI findings have revealed degenerative changes in the disc in 100% of patients studied (n = 22); however, there are no studies which delineate the progression of degenerative changes, which presumably could begin during childhood [Guille et al., 1995] . While cervical degenerative disk disease is not present in every child, in some children it may be evident at an early age [Ulmer et al., 1993; Allsopp et al., 2001] . The cause(s) for this are not known and a primary defect of formation has been postulated [Ulmer et al., 1993] .
Relation of Congenital Scoliosis to Idiopathic Scoliosis
Multiple lines of evidence support an etiologic relationship between congenital and idiopathic scoliosis. As defined by the Scoliosis Research Society (http://www. srs.org), idiopathic scoliosis (IS) is defined by a lateral curvature of the spine of 10° or greater as measured on plain radiograph. Detailed pedigree analysis performed on 237 families in which an affected child had congenital scoliosis demonstrated a family history of IS in 17.3% of these families [Purkiss et al., 2002] . Linkage analysis in 52 families with IS revealed a significant linkage peak on chromosome 8q12 (multipoint LOD 2.77; p = 0028). Over transmission of the rs4738824 polymorphism, in the CHD7 gene in patients with IS was observed. Replacement of the A allele of this polymorphism with the G allele of this polymorphism predicts disruption of a possible binding site for caudal-type (cdx) homeodomain-containing transcription factors. Mutations in CHD7 , a chromeodomain helicase DNA binding protein, are associated with CHARGE syndrome (coloboma of the eye, heart defects, atresia of the choanae, retardation of growth and/or development, genital and/or urinary abnormalities, and ear abnormalities and deafness) [Vissers et al., 2004] . CHD7 may act postnatally to alter spinal growth during the adolescent growth spurt. In zebrafish, Chd7 is expressed in somites, brain, eye, and otic vesicle. The Chd7 gene is necessary for the proper symmetric expression of critically important somitogenesis associated genes which are located downstream from Wnt including cdx1a , dlc, her7 , mespa , and ripply . Morpholino knockdown of CHD7 resulted in zebrafish embryos which had tail kinks and a progressively shortened axis [Jacobs-McDaniels and Albertson, 2011] . Chd7 plays an important role in somitogenesis as highlighted by a lack of distinct somite boundary formation and abnormal expression of ephrin B2a , an important segment polarity gene when it is knocked down in zebrafish [Patten et al., 2012] .
Conclusions and Direction for Future Studies
Advances in genetic technology are providing more robust tools for deciphering genetic etiologies associated with CVM development. The current challenges faced today by researchers include phenotypic and genetic heterogeneity, and determining the potential pathogenicity of identified mutations. The use of bioinformatics filtering strategies and animal models such as zebrafish which enable screening of larger numbers of mutations should facilitate refinement of the large number of potential candidate genes identified through WES analysis. Since CVM are associated with multiple syndromes and birth defects, research continues to shed light on genetic causes associated with CVM related conditions. To provide optimal care and advance research, a multidisciplinary approach consisting of orthopedic surgery, clinical genetics, developmental biology, human genetics, otolaryngology, pulmonology, and cardiology are necessary. Epidemiologic and animal studies have identified risk factors associated with CVM occurrence during pregnancy. A future challenge will be to determine the interplay between genetic, epigenetic and environmental factors contributing to CVM occurrence. Improved understanding of the multiple etiologic factors contributing to the development of CVM should enable targeted screening for families at risk and improved prevention strategies.
